ABSTRACT-We previously found that 3,9-bis(N,N-dimethylcarbamoyloxy)-5H-benzofuro[3,2-c]quinoline 6-one (KCA-098) inhibited bone resorption in organ culture. In this study, to determine if KCA-098 is therapeutically applicable for the treatment of osteoporosis, we compared the effect of KCA-098 on bone tissues with that of ipriflavone, a drug that is clinically used for the treatment of osteoporosis. Both KCA-098 and ipriflavone inhibited parathyroid hormone-, prostaglandin E2-, la,25-dihydroxyvitamin D3 and interleukin 1(3-induced bone resorption of fetal rat bones, but the inhibitory activity of KCA-098 was more potent than that of ipriflavone. In fact, the effective concentrations of KCA-098 were 10 to 100 times lower than those of ipriflavone. Oral administration of KCA-098 (1 and 3 mg/kg) or ipriflavone (100 mg/kg) to ovariectomized rats on a low-calcium diet increased the breaking force and bone density of the femora, indicating that KCA-098 is as effective on the whole animal as ipriflavone. Furthermore, KCA-098 increased the length and calcium content of 9-day chick embryonic femora cultured in vitro, whereas ipriflavone did not, suggesting that KCA-098 had a direct stimulatory effect on bone mineralization. Therefore, KCA-098 seems to be more potent than ipriflavone in stimulating bone tissue formation and may thus be expected to become a useful agent for the treatment of osteoporosis.
Osteoporosis occurs from the imbalance between bone formation and bone resorption and is the main causal factor of bone fractures in elderly persons. This disorder has been increasing remarkably in frequency along with the increase in life expectancy. Many agents such as cal cium and estrogen (the first-generation-anti-osteoporotic drugs) and calcitonin and vitamin D3 (second-generation ones) have been used clinically in the treatment of the dis ease (1) . Recently, 7-isopropoxy-3-phenyl-4H-1-benzopy ran-4-one (ipriflavone, a synthetic compound belonging to the ipoflavone group) was shown to have an inhibitory effect on bone resorption (2) and a stimulating effect on osteoblasts (3, 4) and was thus introduced for clinical use as a third-generation drug (5, 6) . In order to find other chemically synthesized compounds that affect bone metabolism, we have been studying the effect of deriva tives of coumestrol, a weak estrogen structurally similar to ipriflavone, on bone resorption. We found that among such derivatives KCA-098 has an inhibitory effect on bone resorption of fetal rat femora (7) and a stimulatory effect on the mineralization of chick embryonic bone in culture (8) . Therefore, the effect of KCA-098 on bone tissue resembles that of iprilavone. In this present study, we compared the effects of ipriflavone and KCA-098 on bone resorption of cultured fetal rat bone and bone mineraliza tion of cultured chick embryonic femur to determine whether KCA-098 is useful for the treatment of osteoporo sis like ipriflavone is. In addition, we compared the effects of these compounds on the physical properties of the femur isolated from ovariectomized rats on a low-calcium diet, an experimental model of osteoporosis.
MATERIALS AND METHODS

Chemicals
Agents used and their sources were as follows: 3,9 bis(N,N-dimethylcarbamoyloxy)-5H-benzofuro [3, 2- Determination of bone-resorbing activity Bone-resorbing activity was determined by the method of Raisz (9) . 45Ca (1.85 MBq/rat) was injected subcuta neously into pregnant Wistar rats (Japan SLC, Inc., Hamamatsu) at 18 days of gestation. The rats were sacrificed by decapitation under ether anesthesia two days after the 45Ca-injection. The labeled long bones were asep tically isolated from fetuses, and the adhering soft connec tive tissue was completely removed as the bones were ro tated on dry paper. The bones were incubated for 24 hr with fresh BGJb-HW2 medium (chase-medium) to remove the physico-chemical contaminant 45Ca. A test sample dissolved in DMSO (1 : 1,000) was then added to fresh chase-medium, and the cultures were incubated for five days. The medium was changed every day. Before the medium was exchanged, an aliquot of the medium was withdrawn for liquid scintillation counting to measure the radioactivity of 45Ca released into the medium. After the incubation, the bones were hydrolyzed in 6 N HC1 at 110 C , and the remaining radioactivities in the bones were measured in a liquid scintillation counter.
Bone-resorbing activity was expressed as a percentage of released 45Ca:
Determination of bone-mineralizing activity Femora from 9-day-old chick embryos were cultured by the roller tube method (10, 11) for a week with a change of medium every other day. Next the femora were rinsed with PBS(-) and dried at 60°C in an electric oven for 4 days. They were then hydrolyzed in 1 N HC1 at 110 C for 24 hr, and the calcium content in the hydroly sate was determined with a commercial kit, Calcium C test WakoTM. For control of individual variations, pair mate cultures were employed, with one bone taken for the control and the contralateral bone from the same fetus used for the test sample. The culture was carried out by the roller tube method (10) .
Experimental osteoporosis
Female Wistar rats (Japan SLC, Inc.), 5-week-old, were housed in a room with a 12hr/ 12hr light-dark illumi nation cycle at constant temperature (23 ± 1 'C). Bilateral ovariectomy or sham operation was carried out under ether anesthesia. During the course of the experiment, the animals were supplied ad libitum with a low-calcium diet chow (Oriental Yeast Co., Ltd., Tokyo; containing 0.03% calcium and 0.8% phosphorus) and distilled water for four weeks. Test compounds suspended in 1076 HPC solution were administered orally once a day for four weeks starting the day after the operation. The rats were sacrificed under ether anesthesia at 24 hr after the last ad ministration. Their femora were then removed and sepa rated from surrounding soft connective tissues.
Method for bone roentgenography and microdensitomet ric analysis
As soon as the femoral dissection had been completed, roentgenograms were taken on a graphic art film (type CS 100E, 118 mm x 163 mm, 0.1 mm; Konica Co., Ltd., Tokyo) with a soft X-ray machine (Type SRO-505; Sofron Co., Ltd., Tokyo). An aluminum step wedge of 0.5-mm thickness was placed on the film beside each bone as a density standard, and microdensitometric analysis was then performed. Following the method of Yamazaki and Yamaguchi (12) , the density of transverse sections of the femurs was scanned at a point 0.18 from the distal end of the bone (total length of bone was taken as 1.0) on the roentgenograph by a computerized Flexible Image Proces sor (model PIP-400; ADS Co., Ltd., Nara). Bone density (EGS/D) was also calculated by this machine, where D is the outer diameter of the femora, and EGS is the area un der the curve of the density chart prepared from the X-ray film ( Fig. 1) .
Determination of breaking force of femora from ovariec tomized rats
Immediately after the roentgenography, the breaking force, the amount of force required to break a bone, was measured with a Breaking Property Analyzer (Rheo dynacorder, model RDR-1500; Iio Electric Co., Ltd., Tokyo) (13) . The femur, placed on the support noses standing 16 mm apart, was broken by pressing down on the center of the bone. The load-deflection curve was recorded on an X-Y recorder (Fig. 1) . From these results, the breaking force was calculated.
Statistical analyses
Data were expressed as the means+S.E.M. Statistical significance was determined by one-way analysis of vari ance followed by Dunnett's test for multiple group com parison or Student's t-test for the comparison between two groups for the in vitro experiments and by Student's t-test for the in vivo experiments. 
RESULTS
Effects of KCA-098 and ipriflavone on bone-resorbing activity of fetal rat bones KCA-098 ( Fig. 2A) and ipriflavone ( Fig. 2B ) had no effect on the basal bone resorption of fetal rat bones cul tured in vitro.
Effects of KCA-098 and ipriflavone on PTH-, PGE2-, I a,25(OH)2D3 and IL-I p-induced bone resorption
The maximum effective dose obtained from our prelimi nary experiments was used for each bone resorption stimulating agent. Both KCA-098 and ipriflavone sig nificantly inhibited PTH (1.8 x 10-8 M; Fig. 3, A and B , la,25(OH)2D3 (10-9 M, E and F) or IL-ls (1 U/ml, G and H). After the culture, the % release of 45Ca was determined (A, C, E, G). The % release of 45Ca obtained from the cultures in the absence of inhibitors of bone resorption was slightly different from culture to culture because the bones used were different in the two inhibitor groups. Therefore, the effects of agents on bone resorption were also expressed as % of the control (B, D, F, H; % release of 45Ca obtained from the culture in the absence of KCA-098 or ipriflavone was taken as 100%). The long bones used in this experiment were as follows: A and B, KCA-098 (femur), ipriflavone (humerus); C and D, KCA-098 (humerus), ipriflavone (femur); E and F, KCA-098 (humerus), ipriflavone (radius); G and H, KCA-098 (femur), ipriflavone (femur). Values represent the means±S.E.M. (n=4-5). Some S.E.M.s are smaller than the symbols. *P < 0.05 and **P < 0.01, compared with the control. Effects of KCA-098 and ipriflavone on bone-mineralizing activity of 9-day chick embryonic femora KCA-098 increased both the length (Fig. 4A ) and cal cium content (Fig. 4C ) of 9-day-old chick embryonic femora in culture. However, ipriflavone had no effects on either of these parameters (Fig. 4, B and D) .
Effects of KCA-098 and ipriflavone on physical properties of the femora from ovariectomized rats on a low-calcium diet To compare the effect of KCA-098 on bone metabolism in vivo with that of ipriflavone, we administered KCA 098 or ipriflavone orally to ovariectomized rats on a low calcium diet for four weeks, and changes in the physical properties of their femora were then determined.
Ovariectomy caused a significant decrease in femoral breaking force [(3.17 ± 0.08) x 106 dynes in sham-operat ed rats vs. KCA-098 (1 mg/kg/day) partially but sig nificantly increased the breaking force (Fig. 5A) , whereas the increase by ipriflavone (100 mg/kg/day) was not sig nificant (Fig. 5A) . Both KCA-098 (1 and 3 mg/kg/day) and ipriflavone (100 mg/kg/day) significantly increased the bone density (Fig. 5B ).
DISCUSSION
We compared the inhibitory effects of KCA-098 and ipriflavone on bone resorption stimulated by various agents to assess possible differences in action mechanism between these two compounds. Both KCA-098 and iprifla vone inhibited PTH-, PGE2-, la,25(OH)2D3 and IL-1ĩ nduced bone resorption (Fig. 3) , whereas they had no effect on the basal bone resorption of fetal bones (Fig. 2) . However, KCA-098 may have a stronger effect on the inhi bition of stimulator-induced bone resorption because the effective concentrations of KCA-098 were 10 to 100 times lower than those of ipriflavone (Fig. 3) . Ipriflavone in hibited the formation of tartrate-resistant acid phos phatase-positive multinuclear cells (TRAP-positive MNC) from murine spleen cells (14) and also reduced the pit formation by mature osteoclasts (15) , indicating that ipriflavone inhibits the formation and activation of osteo clasts. Also we found that KCA-098 inhibited TRAP positive MNC formation in mouse bone marrow culture (manuscript in preparation). Judging from the similar inhibitory patterns of these compounds against bone resorption in organ culture and the inhibitory effects on the formation of osteoclasts, the action mechanisms of KCA-098 and ipriflavone appear to be the same.
Usually bone tissue has both bone-forming and -resorb ing activity occurring simultaneously. Thus, quantitative separation of the two activities is difficult in organ cul ture. To determine the bone-forming activity, we used the culture of 9-day chick embryonic femur, because at this early stage, membranous bone formation has just started, and bone-forming activity largely exceeds the bone-resorb ing activity. In fact, we previously showed the direct stimulative effects of la,25(OH)2D3, 24,25(OH)2D3 and PTH on bone formation in cultures of 9-day chick em bryonic femora (11). KCA-098 increased the length and calcium content of 9-day chick embryonic femur (Fig. 4 , A and C) cultured for 6 days, whereas ipriflavone did not (Fig. 4, B and D) . We observed that KCA-098 increased the alkaline phos phatase activity and the synthesis of collagenase-digest ible protein of osteoblast-like cells, ROS 17/2.8 (manu script in preparation), suggesting that the increase in cal cium content seen in organ culture resulted from the direct activation of osteoblastic activity. KCA-098 also increased the length of the femora, indicating that it may stimulate the proliferation of chondrocytes because at this stage of development, the elongation largely depends on their proliferation.
Therefore, KCA-098 may stimulate the total bone formation by influencing both bone and carti laginous tissues.
Ipriflavone had no effect on calcium accumulation in organ cultures of 9-day chick embryonic femurs (Fig. 4D) . However, ipriflavone was shown to increase the alkaline phosphatase activity of osteoblast-like cells (4), suggest ing that it stimulates the differentiation of osteoblasts. The discrepant results obtained from the organ and cell culture experiments can not be clearly explained at present. In organ culture, ipriflavone may affect other cells such as chondrocytes or fibroblasts to induce the syn thesis or secretion of an inhibitor(s) of bone formation, resulting in no increase in calcium content of the femur.
To determine whether KCA-098 is effective on whole animals and thus applicable for the treatment of osteopo rosis, we administered KCA-098 and ipriflavone separate ly to ovariectomized rats on a low-calcium diet, an ex perimental model of osteoporosis, and looked for a change in the physical properties of their femora. Ovari ectomy brought about a significant decrease in uterine weight (234.0±24.1 mg in sham-operated to 46.6± 1.4 mg in ovariectomized rat, P<0.01). The administration of KCA-098 or ipriflavone did not lead to recovery of the uterine weight, indicating that KCA-098 and ipriflalvone had no estrogenic activity, even though KCA-098 is a derivative of coumestrol, a weak estrogen.
Ovariectomy significantly decreased the breaking force, i.e., the amount of force necessary to break the femora, as well as the bone density, expressed as IGS/D. Oral ad ministration of KCA-098 (1 mg/kg/day) partially but sig nificantly reversed the decrease in the breaking force, and ipriflavone (100 mg/kg/day) also increased it but not sig nificantly (Fig. 5A) . Both KCA-098 (1 and 3 mg/kg/day) and ipriflavone (100 mg/kg/day) significantly restored the bone density (Fig. 5B) . These results show that KCA-098 and ipriflavone are effective on whole animals in improv ing bone loss. Yamazaki et al. (16) showed that adminis tration of ipriflavone (25 mg/kg) had no effects on the restoration of the decrease in breaking force and breaking energy of the femur of prednisolone-induced osteopo rotic rats, and only higher doses (100 and 400 mg/kg) of ipriflavone significantly reversed the decrease. In the ovariectomized rats examined in this study, administra tion of 100 mg/kg of ipriflavone was necessary to im prove the decrease in bone density. Therefore, KCA-098 may be more potent than ipriflavone in improving the decrease in value of physical properties induced by ovariectomy, because the administration of very low doses of KCA-098 (1 and 3 mg/kg) restored the decreased breaking force and bone density to their normal levels. This coincides with the findings that the effective concen trations of KCA-098 were lower than those of ipriflavone in inhibiting bone resorption of cultured fetal rat bones.
Both agents had direct action in inhibiting bone resorp tion as shown by the in vitro experiments. Ipriflavone was shown to increase the synthesis and secretion of calcitonin (17) , and our preliminary experiment showed that KCA 098 also stimulated calcitonin secretion in rats (manu script in preparation). Therefore, in addition to the direct action on bone resorption, in whole animals, KCA-098 and ipriflavone might have an indirect inhibitory effect on the bone resorption through the secretion of hor mones. KCA-098 had a direct stimulatory effect on bone mineralization (Fig. 4 , A and C) besides the inhibition of bone resorption. Such action would contribute to the im provement of bone loss. Although ipriflavone has a direct stimulatory effect on osteoblasts (4), it had no effect on bone length and calcium content in organ cultures (Fig. 4, B and D) , suggesting that in an organ or the whole body, ipriflavone affected other cells as well as osteoblasts, and the direct activation of osteoblasts by ipriflavone may have been hidden by the commitment of other cells sensitized by ipriflavone. Therefore, the bone strengthening effect of ipriflavone may be mainly depend ent on the inhibition of bone resorption. On the other hand, KCA-098 may strengthen the bone by inhibiting bone resorption and also by stimulating bone formation.
In conclusion, KCA-098 and ipriflavone act in almost the same fashion on bone resorption, although the effec tive concentration of KCA-098 is lower than that of ipriflavone. Judging from the results obtained from the culture of 9-day chick embryonic femora, the action mechanism on bone formation might be different. Thus, KCA-098 may be a more potent stimulator of bone forma tion than ipriflavone and may be clinically useful for the treatment of osteoporosis.
